enabled cell type-restricted gene expression. However, within the cerebral cortex these tools are presently limited to broad classes of neurons. To overcome this limitation, we developed a strategy that led to the identification of multiple novel enhancers to target functionally distinct neuronal subtypes. By investigating the regulatory landscape of the disease gene Scn1a, we identified enhancers that target the breadth of its expression, including two that are selective for parvalbumin and vasoactive intestinal peptide cortical interneurons. Demonstrating the functional utility of these elements, we found that the PV-specific enhancer allowed for the selective targeting and manipulation of these neurons across species, from mice to humans. Finally, we demonstrate that our selection method is generalizable to other genes and characterize four additional PV-specific enhancers with exquisite specificity for distinct regions of the brain. Altogether, these viral tools can be used for cell-type specific circuit manipulation and hold considerable promise for use in therapeutic interventions.
species including rodents, non-human primates and humans.
Demonstrating that this approach provides a generalizable strategy for enhancer discovery, we further selected twenty-five regulatory elements in the vicinity of seven genes enriched in PV INs. From these we identified an additional four PV-specific regulatory elements, each of which had remarkably selective expression within specific brain regions. Together we demonstrate the utility of a variety of functionally-tested tools that can be immediately utilized across animal models. These viral reagents can be employed to interrogate how functionally distinct neuronal cell-types are affected in the context of neurological, neurodevelopmental and neurodegenerative disease in non-human primates. Ultimately, these may provide the means to therapeutically normalize pathological neuronal activity or gene expression in specific neuronal populations.
RESULTS

Identification of Scn1a enhancers
Scn1a encodes for Nav1.1, a sodium channel expressed in three non-overlapping neuronal populations, fast-spiking cortical interneurons expressing parvalbumin (PV cINs), dis-inhibitory cortical interneurons expressing the vaso-intestinal peptide (VIP cINs) and layer 5 pyramidal neurons (14) (15) (16) . Haploinsufficiency or pathogenic variants of Scn1a cause Dravet Syndrome, a common and intractable form of epileptic encephalopathy characterized by the early onset of seizures (17) (18) (19) . To devise a genetic strategy to target the distinct cortical populations expressing this gene, we developed an integrative method to systematically identify candidate enhancers within this locus.
Regulatory sequences were selected based on the following three criteria. First, it has been posited that the proximity of the enhancer to the transcriptional start site (TSS) of a gene scales directly to the level of expression (20) . Therefore, to identify enhancers capable of driving functional levels of transgenes, we examined the intergenic and intronic regions of Scn1a closest to its TSS. Second, the location of active enhancers within a given cell type correlates with chromatin accessibility (21, 22) . To assess the chromatin landscape of the cellular populations expressing Scn1a, we collected interneurons from the visual cortex, using Dlx6a cre ;Sun1-eGFP transgenic mice. Subsequent to isolating nuclei, we performed single-cell ATAC-seq profiling To examine the ability of the candidate enhancers to target the neuronal populations that express Scn1a, each sequence was inserted into an rAAV-backbone containing a minimal promoter upstream of a red fluorescent reporter (rAAV-E[x]-dTomato).
From these constructs, rAAVs were then produced with the (e, f). Adult mice were injected systemically with the indicated rAAV-E[x]-dTomato and analyzed 3 weeks post-injection. IHC for the reporter and indicated markers in the S1 cortex was used to assess the strength of expression of the reporter (e -upper panel) and the specificity of expression of the viral reporter for the indicated markers (all other panels). Representative fluorescent images of the indicated viral reporter in the somatosensory cortex (f -left panels). Dashed 1f ). These data indicate that a significant fraction of the cortical expression profile of Scn1a is mirrored by the collective expression of 3 enhancers. These regulatory elements therefore account for largely non-overlapping expression in populations of neurons with distinct functions and developmental origins. The viral tools developed here thus provide a means of dissecting neuronal subtypes and can be used to study their normal function, as well as abnormalities in diseased cortex.
Viral targeting of PV cINs in mice
With 90% specificity for PV cINs, the E2 regulatory element allows for the targeting of fast-spiking neurons, which constitute 40% of all cortical interneurons. These neurons exert a strong level of inhibition over local networks and their disfunction has been directly implicated in neurological and neuropsychiatric disorders, including Dravet syndrome, focal epilepsy, ASD and schizophrenia (31-35). As such, gaining control over their activity is of particular interest for both fundamental research and clinical applications. Thus, we focused our efforts on characterizing the E2 regulatory element to develop a viral tool with broad utility.
Adult mice systemically-injected with rAAV-E2-dTomato showed detectable expression of the viral reporter after one week and reached a high and stable level of expression after 3 weeks.
Immunohistochemistry and in situ hybridization consistently showed that ~90% of virally labeled cells were PV INs in the cortex. Conversely, on average 75% of PV cINs expressed the viral reporter, reaching a maximum of 93% (figure 2a and 2b).
This suggests that E2 is capable of targeting all PV cINs without bias for layers or subtypes. Consistent with these findings, slice recordings from mice showed that the neurons expressing the viral reporter exhibited electrophysiological properties that are characteristic of fast-spiking PV cINs both within the primary somatosensory cortex (S1) and the pre-frontal cortex (PFC - show that while higher titers had increased levels of reporter expression, no significant alteration of specificity was observed.
Targeting PV cINs at early postnatal stages has been hampered by the relatively late expression of parvalbumin (around 15 days after birth -P15) and the lack of other early markers for this population. Their involvement in developmental disorders highlights the need to target and manipulate this population during cortical circuit assembly. While complex genetic strategies offer a partial solution to achieving this in mice (i.e. Lhx6-Cre, Sst-Flp and Cre and Flp-dependent reporter), even this approach does not offer the means to easily manipulate these neurons before the second postnatal week. To test whether the E2 enhancer can target fast-spiking cINs before the onset of expression of parvalbumin, we examined its activity at various postnatal stages. To this end, we tiled our analysis across the early postnatal period, through a series of stereotactically-guided injections of rAAV-E2-dTomato ( figure   2d ). First, we assessed the selectivity of the reporter upon the onset of parvalbumin expression at P15. This revealed that we could obtain greater than 50% selectivity for PV cINs upon injection at P1, increasing to 67% by P7 injection and over 80% after P10 injection. We next tested if we could use this approach to label PV cINs prior to P15. To identify fast-spiking cINs in this context, we relied on Lhx6-Cre/Intact transgenic mice, in which GFP is expressed in MGE-derived interneurons (both PV cINs and SST cINs). By co-staining for SST, the PV cINs can be distinguished as GFP-positive/SST-negative. We obtained 72% and 78% specificity for PV with a P4-P7 or a P7-P10 time course, respectively. Thus, our approach provides a means to study these neurons during circuit maturation using a single viral injection.
Viral monitoring and manipulation of PV cINs in mice
Having demonstrated the fidelity of E2-directed expression for PV cINs with differing modes of injection and across developmental stages, we then explored the utility of this vector for studying connectivity (using a presynaptic reporter) and activity (using calcium-imaging). When E2 was used to drive a synaptophysin-tdTomato fusion gene (36), reporter expression was restricted pre-synaptically to PV cINs, with terminals perisomatically located onto pyramidal neurons (figure 3a). When this vector was used to drive GCaMP6f expression (37), we demonstrated that PV cINs were recruited upon whisker stimulation (figure 3b and supplementary figure 5a). Together these results demonstrate that E2 provides an effective means to monitor various aspects of PV cIN biology. We next examined whether E2 was sufficient to elicit functional changes in activity On the right panel, the success rate was calculated as the proportions of ΔF/F peaks above threshold in response to whisker stimulation. (c) Current clamp recording was performed on brain sections 4 weeks after injection. The traces show a representative cellular response at the indicated currents at both baseline and after bath application of varenicline. (d) Current clamp recording was performed on brain sections 1 week after injection. Cells expressing the viral reporter were exposed to 2 seconds of constant laser stimulation (550 nm) while the voltage was recorded over 3 seconds. Neighboring pyramidal cells that did not express the viral reporter were also recorded from during laser stimulation. using chemo-or optogenetic approaches. E2 was used in adult animals to direct the expression of the chemogenetic receptor PSAM4-5HT3-LC (38). We observed that PV cINs in brain sections collected from these animals, when exposed to the actuator varenicline, could be induced to fire when current clamped below threshold (figure 3c). Similar results were obtained using the chemogenetic receptor Gq-DREADD (39 - 
Viral targeting and manipulation of PV cortical interneurons in primates including humans
The high degree of sequence conservation of the E2 enhancer across mammalian species is suggestive of a conserved role in gene regulation. We thus sought to establish whether this element could be used to target PV cINs across mammalian species. Using systemic (marmoset) or focal injections (rat and macaque) of the E2 virus, we were able to target PV cINs with approximately 90% specificity ( figure 4A ). It has been discovered that human brain tissue obtained during surgical resection can be cultured for prolonged periods (41). Taking advantage of this exceptional ability of human brain tissue to remain healthy ex vivo, we exposed freshly resected subiculum or medial temporal cortex to E2 virus. Over the two-week culture period, we 
Identification of viral enhancers with regional specificity
To demonstrate that our enhancer selection method is generalizable, we identified a further 25 candidates in the vicinity of seven genes whose expression was enriched in PV cINs across species (see methods). Systemic injection of AAVs containing these sequences revealed that four of them displayed an above 90% selectivity for PV cINs. Notably, among these enhancers, the relatively few virally labeled neurons that did not express PV were positive for the pan-interneuron marker Gad1.
Each of these four enhancers were specific for distinct but overlapping subsets of the PV-expressing neurons. Specifically, while E11 and E14 showed a bias for PV cINs in the upper layers of the cortex, the E22 enhancer restricted expression almost exclusively to the cortex, with only a few cells showing low levels of expression elsewhere. By contrast, the E29 virus showed the most global expression, targeting the entire population of PVexpressing neurons throughout the central nervous system. All of our enhancers have a high degree of sequence conservation and were selected from genes whose expression profile is similar across species (figure 5a). To directly test that this results in similar functionality across species, we performed local injection of the AAV-E22-dTomato in V1 of a macaque. This showed that, similarly to mouse, the expression of the viral reporter was restricted to PV cINs (figure 5b). The combination of regional selectivity and conservation of expression across species opens the possibility of using these tools for targeted therapies to correct abnormal brain function.
DISCUSSION
A challenge in understanding neurological disorders stems from the complexity of the neuronal types involved. Here, in an effort to deconvolve the cellular actions of a particular disease gene, we systematically dissected the Scn1a genomic locus. To this end, we identified ten different enhancers distributed across the intronic and intergenic region of this gene. By creating AAVs whose expression depends on each of these enhancers, we found three that recapitulate the global pattern of Scn1a gene expression. As loss of expression of Scn1a is especially associated with PV cIN disfunction (15) (16) (17) (18) (19) , we focused on the E2 enhancer, which was effective for selectively targeting these neurons, not only in rodents but also within various primates, We began this study by examining enhancers at a specific disease locus, the Scn1a gene. By identifying key regulatory elements for each of the cell types that express this gene, we clarified its regulatory landscape. Many SNPs associated with the SCN1A locus map to intron 1 (44-46). The three enhancers we characterized were located within this region, perhaps indicating that these SNPs represent mutations affecting the expression of Scn1a. Corroborating this hypothesis, GTEx data show multiple eQTLs within these enhancers that are associated with alterations in SCN1A expression in humans (GTEx Scn1a, 47). As Scn1a expression is largely restricted to the PV cINs (17,18), it is tempting to speculate that mutations of the E2 enhancer may be a direct cause of Dravet syndrome.
More broadly, the enhancers identified in this study provide access to neuronal populations with particular clinical relevance.
Most obviously these enhancers can potentially be leveraged to alleviate debilitating aspects of Dravet syndrome, through either gene therapy or modulation of neuronal activity (48). We Importantly, we demonstrated that our enhancer selection method is generalizable to other genes. Overall, we found a set of 7 enhancers with unique specificity for both distinct neuronal populations and regions of the central nervous system. Even with the stringent criteria that we applied (>90% selectivity for the target population), our method has a remarkable (>20%) success rate. Moreover, as predicted by the high degree of sequence conservation, the subset of enhancers that we tested proved equally selective and effective across species including humans. Taken together our findings support that these methods provide a reliable means to systematically identify celltype specific enhancers that work across species. 
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Epilepsies. Genome-wide megaanalysis identifies 16 loci and highlights diverse biological mechanisms in the common epilepsies. Nat. Commun. 9, 5269 (2018). The enhancers, reporters and effectors were cloned using the Gibson Cloning Assembly Kit (NEB-E5510S) following standard procedures. Specifically, for AAV-E1:10-dTomato, we amplified the dTomato coding sequence from the plasmid Addgene # 83897; for AAV-E2-SYP-dTomato, we amplified the Synaptophysin-tdTomato coding sequence from the plasmid Addgene # 34881; for AAV-E2-GCaMP6f, we amplified the GCaMP6f coding sequence from the plasmid Addgene # 83899;
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for AAV-E2-C1V1-eYFP, we amplified the C1V1-eYFP coding sequence from the plasmid Addgene # 35499. The rAAVs were produced using standard production methods. PEI was used for transfection and OptiPrep gradient (Sigma, USA) was used for viral particle purification. Serotype 1 was used to produce the AAVs for local injections in mice and rats. Serotype 9 was used for systemic injection in marmosets and serotype PHPeB was used for both local injection in macaques and systemic injections in mice. Titer was estimated by qPCR with primers for the WPRE sequence that is common to all constructs. All batches produced were in the range of 10E+10 to 10E+12 viral genomes per milliliter.
Local and systemic viral injections. Mouse local S1. Local injection in adult mice were performed by stereotactically guided injections in the somatosensory cortex with the following Immunohistochemistry. Citations with validation data for each antibody are reported on the providers' websites. All animals injected with the virus were transcardially perfused with 4% paraformaldehyde (PFA). The brains were placed in 4% PFA overnight then sectioned at 50 μm using a Leica VTS1000 vibrosector. Floating sections were permeabilized with 0.1% Triton X-100 and PBS for 30 min, washed three times with PBS and incubated in blocking buffer (5% normal donkey serum in PBS) for 30 minutes. The sections were then incubated overnight in blocking buffer with the indicated combination of the following primary antibodies at 4 °C: chicken anti-GFP at 1:1,000 (Abcam USA, ab13970); rabbit anti-DsRed at 1:1,000 (Clontech USA 632496); goat anti-PV at 1:1,000 (Swant USA, PVG-213); guinea-pig anti-PV at 1:1,000 (Swant USA, GP-72); rabbit anti-SST at 1:2000 (Peninsula USA, T-4103.0050); mouse anti-Synaptotagmin-2 at 1:250 (ZFIN USA, #ZDB-ATB-081002-25).
The sections were then washed three times with PBS, incubated with Alexa Fluor-conjugated secondary antibodies at 1:1000 (Invitrogen, USA), counterstained with DAPI (Sigma, USA) and mounted on glass slides using Fluoromount-G (Sigma, USA).
The staining of PV IHC within human brain tissues was highly variable. As such, estimates of viral specificity were made within regions of cortex and subiculum where staining density was reflective of the known distribution and density of these cells.
Given this variability, accurate quantitation was not possible.
In-situ hybridization. The in-situ hybridization probes (Gad1; product #400951, Pvalb; product #421931, VIP; product #415961) used were designed by Advanced Cell Diagnostics (Newark, CA, USA). The reagents in the RNAscope® Multiplex Fluorescent Reagent Kit v2 (product # 323100), RNAscope® Probe Diluent (product #300041), HybEZ™ oven (product #321710/321720), humidity control tray (product # 310012), and HybEZ Humidifying Paper (product #310025) were also from Advanced Cell Diagnostics. TSA Plus Fluorescein, TSA Plus Cyanine 3, and TSA Plus Cyanine 5 from PerkinElmer (#NEL741, #NEL744, and #NEL745). Brain tissue was processed as mentioned in the immunohistochemistry section.
Brain sections were washed one time in PBS followed by three washes in 0.1% Triton X-100 and PBS, mounted on Superfrost Plus glass slides (Fisher Scientific, 12-550-15) and baked at 60ºC in the HybEZ oven for 25 minutes. The slides were then submerged in 4% PFA for 30 minutes then washed 3 times in H2O. RNAscope H2O2 was applied to each section for 5 minutes at room temperature. The slides were then washed 3 times in H2O before being submerged in pre-warmed 90ºC H2O for 15 seconds and followed by pre-warmed 90C RNAscope Target Retrieval for 15 minutes. Slides were washed 3 times in H2O before RNAscope Protease III was applied onto each section and then incubated for 15 minutes at 40ºC in the HybEZ oven. Slides were washed 3 times in H2O and then incubated with probe solution diluted to 1:50 with probe diluent for 2 hours at 40ºC in HybEZ oven. Next, the sections were washed three times in RNAscope wash buffer followed by fluorescence amplification. Of note, probes against the RNA of the reporter revealed a non-specific staining that we speculate comes from the viral DNA. In order to reveal the viral reporter, we followed the RNAscope protocol with an IHC amplification of the dTomato. The sections were incubated in blocking solution 
